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EVELOPMENT in train industry in the last century produced a new generation of high speed trains. These trains are characterized by a light weight to acquire a high acceleration and to reduce their energy consumption. In such case, influence of a side-wind on its stability becomes strong. The rolling and yawing moments, that result from the impact of the side and the lift forces act against the train weight and tend to derail it. Obviously, to avoid the unwanted influences of a side-wind, both the instantaneous and the time-averaged flow structures on the train surface are needed to be fully understood.
Although there have been several wind induced railway accidents in the last century, the aerodynamic influences of a side-wind on trains are not properly investigated. Many researchers studied experimentally the flow around high speed trains under the influence of a side-wind 1, 2, 3, 4, 5 while others used numerical techniques. 6, 7, 8 However, the available studies are still inadequate to give the complete picture of flow structures around the train in a such flow situation.
The work of Krajnović and Davidson 9, 10 in the flow around a simplified vehicle has revealed that the time-averaged flow coherent structures distinguish themselves from the instantaneous ones. This means that the flow structures around vehicles are highly time dependent. Use of Reynolds Averaged Navier-Stokes equations (RANS) to compute the flow around vehicles provides us only with the mean information of the flow and the unsteady information are lost. Unfortunately, most of the past attempts to solve the turbulent Navier-Stokes equation used these simplified models. Khier
have solved the time dependent Navier-Stokes equation for the flow around a simplified train model under the influence of a side-wind. They have used the time-averaged variant of Navier-Stokes equations, so called Unsteady Reynold Averaged Navier-Stokes equations (URANS). It is mentioned in that work that their chosen model represents the most accurate method among those feasible to compute flow field. The Reynolds stresses in URANS are modeled with a turbulence model. Thus the success to find a true representation of the flow is dependent on the turbulence model used. Moreover, it is difficult to define a model that can accurately represent the Reynolds stresses in the region of separated flow such as a wake behind a vehicle.
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Chiu and Squire 2 have studied experimentally the flow over a simplified train model in a cross-wind at different yaw angles up to e g f i h
. Their results are chosen for comparison with the present numerically work. Details of this work will be considered later in the following sections.
II. Physical model
It is hard to investigate the flow behavior around a full scale train experimentally, especially in the case of crosswind, simply because it requires a very large wind tunnel for large yaw angles. Besides, the data obtained in the experimental studies are limited to a confined region of a line or a plane. It is also impossible to simulate the full scale train numerically since the computer resources needed are beyond the available resources nowadays. In addition, real trains are often not used for studies of the aerodynamics owing to their geometrical complexities. Instead, a simplified train model is used in both experimental and numerical studies.
In this work, the simplified model of Chiu and Squire 2 is chosen. The cross-sectional profile of the idealized train model was defined by the following equation 
The model consists of two parts, a train body and a nose (see figure 1a) . The train body is of a cylindrical shape with a height 
This damping function is used to take partially into account the effect of the wall by damping the turbulence length scale. The value of % in Eq. 6 is 0.1. This value has been used in a similar work for bluff-body flows and in a flow around simplified vehicles.
9, 10
The filter width, A , is taken as the cubic root of the volume of a finite volume cell.
IV. Why LES?
Since side-wind stability is a consequence of the flow unsteadiness, an understanding of the instantaneous flow becomes crucial in the understanding of flow around high speed trains. Thus a time-dependent method, such as Large-Eddy Simulation (LES), should be used in order to provide instantaneous information about the flow. LES has already been proved to be a reliable technique in prediction of the flow around simplified vehicles (see Refs. 9, 10). Until recently, it was impossible to predict numerically the time-dependent flow around a train model even if the flow Reynolds number is relatively low. In recent years, the increase in the computer capability have made these simulation (at moderate Reynolds numbers) possible with LES.
It is worth mentioning that complicated flow structures are developed in the wake region behind vehicles. These wake structures are dominated by large turbulent structures. Although the LES is computationally more expensive than RANS, it can provide more accurate time-averaged results and also give information on the instantaneous flow that is out of reach of RANS.
V. Boundary conditions and computational domain
The train model is mounted in a closed channel (wind tunnel) as shown in figure 
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The cross section of the tunnel test section, the ground clearance, and the position of the model's cross section with respect to the tunnel are identical in present LES work and the experimental set-up.
The flow enters the channel with uniform velocity constant in time. No-slip boundary conditions are used on the train surface and channel floor. Wall functions are used on the channel side walls and ceiling. Details on the implementations of the wall functions can be found in Ref. 12. Homogeneous Neumann boundary condition is used for the pressure on all the boundaries. Convective outlet boundary condition,
is used at the channel outlet.
VI. Mesh topology
In order to investigate the influence of the resolution of the near wake structure on the results and to establish numerical accuracy, two computations on two different computational grids are made: one fine mesh and one coarse mesh.
The commercial grid-generator package ICEM-CFD is used to create both the model geometry and the mesh around it. The train model is constructed using Eq. 1. Another dummy train with a height equal to & is built around the model. ICEM CFD-Hexa package is employed to generate hexahedral mesh around the previously described model. An between the two grids. Figure 2b shows the mesh shape around the train nose and one block under the train (block U) which is enclosed between the second grid and the ground board. The rest of the blocking structures was made using grids. Hyperbolic stretching is used to make finer mesh close to the train model and coarse mesh in the regions away from the train. The total numbers of nodes are 11.5 and 8 millions for the fine and the coarse mesh, respectively.
VII. Numerical implementations
In this work, the numerical flow predictions are carried out using an in-house finite volume developed multipurpose package CALC-PVM for parallel computations of turbulent flow in complex multi-block domains. Largeeddy simulation (LES) equations are discretized using three-dimensional finite volume method in a collocated grid arrangement. The convective flux and the diffusion viscous plus sub-grid fluxes are approximated by central differences of second-order accuracy. The time integration is done using the Crank-Nicolson second-order scheme. The SIMPLEC algorithm is used for the pressure-velocity coupling. Additional details about this code can be found in Ref. 13.
VIII. Spatial and temporal resolution
The equations are solved for both the coarse and fine mesh simulations starting from zero air velocity around the train model. Fully developed solution is obtained from the coarse mesh after time
is needed to obtain fully developed turbulent flow from the fine mesh simulation. The time step is f f 7
for both of the coarse and fine mesh simulations. This value of time step gives maximum ¡ number of about 0.8 and 0.75 for the coarse and fine meshes, respectively. The time-averaged flow is obtained from the simulations using 2 @ u f (100,000 time steps). 
The maximum spatial resolutions of the model surface-cells expressed in the wall units are shown in Table 1 on the preceding page, where D @ is the friction velocity, is the distance between the first node and the train surface in the wall normal direction, A § ¢ is the cell width in the streamwise direction and A c is the cell width in the spanwise direction.
IX. Results
The side-wind flow is obtained around a stationary train for e f h yaw angle at Reynolds number of f d £ based on the height of the train and the incoming velocity. Although large yaw angles are seldom encountered in reality, it is still interesting to understand the flow structures around trains in such a flow.
Ensight software package is used to visualize our LES results. Krajnović and Davidson found in their previous work that different visualization techniques are needed in different parts of the flow.
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The time-averaged flow pattern on the train surface is studied using trace lines and velocity vectors projected on the train surface. Vortex cores method is used to find the vortices in the flow around the train and in the wake. Moreover, local minimum pressure and second invariant of the velocity gradient are used to analyze the coherent structures of the turbulent flow field around the train.
A. Accuracy of the results and validation
In this Section, the accuracy of the results is investigated by two ways: mesh dependency and results verification by performing comparison with the available experimental results.
Mesh dependency
Mesh dependency is investigated by performing two simulation with different number of nodes. The coarse and the fine meshes contain 8.5 and 11.5 million nodes, respectively. The two simulations give the same flow patterns on the model surface. Figure 3a shows the time histories of the side force coefficient 
where ©`« denotes time averaging,
F (
is the reference pressure, which is chosen to be the pressure at a point in the top corner of the channel inlet. The position of the reference pressure point is chosen to be far away from the model.
The 
Verification with experimental data
In order to validate the LES results, extensive comparisons are performed between the fine mesh results and the available experimental results from 2 and 14 that have been collected on the same model at the same Reynolds number. Figure 5 shows that the time-averaged pressure distribution obtained from both the fine and the coarse meshes are in a good agreement with the experimental one. A slight difference is noticed on the bottom-side face where higher pressure resulted from the LES. Figure 6 shows the LES surface flow patterns while figure 7 shows the surface oil flow patterns on the train model (taken from 2). Comparison between figure 6 and figure 7 shows that there is a good agreement on all the faces except on the roof-side face where small separation bubble is found in the LES. Figure 6a figure 7b ). To retain this fully attached flow in the experiment, a trip wire is attached to the roof-side windward edge since attached flow appears to correspond to the flow over full scale trains.
The vortex sheets that shed from the underside and roof of the train are rolled up to form two big bubbles which dominate the lee-side flow field. Figure 6c shows the surface flow pattern on the lee-side of the model. We find that the flow moves up toward the train roof in the upper half of the lee-side face without separation. On the lower half of the lee-side face, the flow moves down toward the bottom-side face. It separates in the bottomward edge to form a very small separation bubble. The separation starts at the separation line 
¦ Ò
, are shown in both the LES and the experiment in the same position on the groundboard (see figure 10) .
It is worth mentioning that, in our LES, the flow retains fully attached to the groundboard in the wind tunnel before it reaches the model, exactly the same as the oil-flow visualization. 
B. Flow structures
In this Section the time-average flow around the train and in the wake is analyzed. All the results presented in this Section are from the fine mesh computation unless otherwise stated.
Separation at the top face
The effect of Reynolds number on the separation on the roof-side is investigated by Copley. 3 It is demonstrated in that work that there is a direct relation between the Reynolds number and the separation bubble size on the roof-side. At low Reynolds numbers, the flow separates from the roof-side windward edge, and does not reattach. If the Reynolds number is increased, at some critical Reynolds number, the flow reattaches forming a separation bubble. For higher Reynolds number, this bubble is suppressed and the flow over the roof-side is fully attached. The magnitude of the actual Reynolds number over a real train is of the order of f ¡ which is impossible to simulate using LES owing to resolution requirements. Since the chosen Reynolds number in the experimental work is f £
, which is at least 30 times lower than the full scale Reynolds number, a trip wire is attached to the windward edge at the roof-side to simulate the same flow pattern as in the case of a real train. The LES Reynolds number is the same as the experimental one but it is rather difficult to simulate the trip wire in the windward roof-side. Therefore, a separation is expected on the roof-side face in our LES. Figure 11 shows time-averaged streamlines projected to a plane perpendicular to the train length at a distance (
& u
) from the nose. Figure 11b zooms in region in figure 11a . It could be demonstrated from figure 11b that the separation bubble is very small and thin in both 8 and 5 direction compare to the train height and it could be demonstrated also from figure 6b that it does not grow in the direction of train length. Different pictures from the instantaneous flow similar to Figure 11 show that this separation bubble is unstable i.e it disappears and returns back with time which makes the flow highly unsteady (these pictures are not shown here). Consequently, the surface flow pattern on the roof-side face is not uniform as shown in figure 6b.
Wake flow
The vortex sheets that shed from the underside and the roof of the train are rolled up to form two big bubbles which dominate the lee-side flow field. Figure 12a shows vortex cores that appear in the flow while Fig 12b shows an isosurface of the time-averaged static pressure in the wake flow (
). The vortices that appear in the flow field in figure 12a can be described as follows:
(1) Vortex ¢ w £ appears due to the separation on the roof-side flow.
(2) Vortex ¢ w originates from a focus very close to the train nose (floor side). 
& ) (
). Figure 14 shows that the profile does not change at all after
& Ó
in agreement with the experimental data. ) were saved and used to study the temporal coherent structures around the body. Below we present the result of this study.
Aerodynamic forces
The time history for side force and lift force coefficients are shown in figure 3a and figure 3b . The time-averaged values of these coefficients are presented in Table 2 . The peak value for the side force coefficient is 0.66 while the minimum value is 0.6. On the other side, the maximum and minimum values for the lift force coefficient are 0.87 and 0.75, respectively. The time history of these coefficients is paid special attention. Fourier transform is used to resolve their dominating frequencies, that represent the side-wind induced forces frequencies. Figure 15a 
Temporal evaluation of coherent structures
The isosurface of the instantaneous second invariant of the velocity gradient 
X. Conclusion
Although the flows around trains are highly unsteady, the available knowledge about such flows are mainly that of the resulting time-averaged flow. The experimental information is limited and they do not provide us with the complete picture of the flow field. Large eddy simulation is used to establish both instantaneous and time-averaged pictures of 
